Electron paramagnetic resonance ͑EPR͒ and optically detected magnetic resonance ͑ODMR͒ experiments have been performed on a set of GaN epitaxial layers doped with Mg from 2.5ϫ10 18 to 5.0ϫ10 19 cm Ϫ3 . The samples were also characterized by secondary-ion-mass spectroscopy ͑SIMS͒, temperature-dependent Hall effect, and low-temperature photoluminescence ͑PL͒ measurements. EPR at 9 GHz on the conductive films reveals a single line with g ʈ ϳ2.1 and g Ќ ϳ2 and is assigned to shallow Mg acceptors based on the similarity of the spin density with that found for the number of uncompensated Mg shallow acceptors from Hall effect and the total Mg concentration by SIMS. PL bands of different character are observed from these layers, including shallow-donor-shallow-acceptor recombination at 3.27 eV from the lowest doped sample and, in most cases, broad emission bands with peak energy between 2.8 and 3.2 eV from the more heavily doped films.
I. INTRODUCTION
Mg is the most widely employed dopant for p-type conduction in GaN. In addition to the rather large thermal ionization energy ͑ϳ180 meV͒, there appear to be other factors ͑such as self-compensation and/or complexing, clustering, etc͒ that limit typical room-temperature hole densities to the range of low-to mid-10 17 cm Ϫ3 in GaN epitaxial layers grown by organometallic chemical vapor deposition ͑OMCVD͒.
1 However, larger hole concentrations are desired to improve blue-green laser performance and to create highperformance heterojunction bipolar transistors ͑HBTs͒. Other potential p-type dopants have been tried but with little overall success. For example, Zn, Cd, and Hg are even deeper than Mg. Be is a promising candidate for enhanced p-type conductivity in GaN based on the binding energy (E a ϳ100 meV) deduced from photoluminescence ͑PL͒ studies; however, the existence of self-compensating ͑donor͒ centers and/or Be-related deep acceptor complexes renders such material highly resistive in most reported cases. 2 In order to provide more details on the nature of the Mg acceptors and Mg-related or -induced compensating centers, comprehensive electron paramagnetic resonance ͑EPR͒ and optically detected magnetic resonance ͑ODMR͒ experiments have been performed on a set of GaN epitaxial layers grown by OMCVD from three laboratories. The films were doped with Mg from 2.5ϫ10 18 to 5ϫ10 19 cm Ϫ3 as measured by secondary-ion-mass spectroscopy ͑SIMS͒. In addition we have attempted to correlate the magnetic resonance results with those obtained from SIMS, temperature-dependent Hall effect, and low-temperature PL studies of the same samples or nearby pieces of the wafers in order to form a selfconsistent picture.
In general, EPR provides information on the ground state and microscopic origin of defects through the Zeeman splittings ͑g factors͒ and, in best cases, resolved hyperfine structure. In addition, the number of uncompensated ͑neutral͒ centers can be determined from the integrated intensity of the signal and an appropriate standard. ODMR, though not quantitative, combines the attributes of EPR with the sensitivity and selectivity of PL ͑Ref. 3͒. The technique yields information on the magnetic properties of the optically excited donor ͑electron͒ and acceptor ͑hole͒ states that participate directly ͑or, in some cases, indirectly͒ in the recombination processes.
The present work expands on a preliminary ODMR inves-
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The paper is divided into five sections. Section I is the introduction. The set of samples investigated in this work is described in Sec. II. In addition, a few details of the PL and magnetic resonance techniques are also given. The main results from the SIMS, Hall effect, PL, EPR, and ODMR experiments are presented in Sec. III. A discussion of the results is provided in Sec. IV, including models proposed for the recombination processes observed in these films. In addition, we place this work in the context of other recent experimental and theoretical efforts undertaken to address the behavior of Mg acceptors in GaN. Overall conclusions are given in Sec. V.
II. EXPERIMENTAL DETAILS
The experiments were performed on five GaN epitaxial layers ͑referred to as Nos. 1-5͒ from three laboratories grown on a-plane and c-plane Al 2 O 3 substrates by OMCVD. The 1.0-2.5-m-thick films were doped with Mg and subsequently annealed in an inert atmosphere near 1000°C to activate the Mg acceptors as typically required for the CVD growth technique. Additional details of the growth are described elsewhere. 6, 13, 14 Secondary-ion-mass spectroscopy ͑SIMS͒ was employed to determine the total Mg concentration in the films. In addition, SIMS depth profiles of Si, H, O, and C were obtained in select films. The transport properties of the Mg-doped GaN layers were extracted from either Hall effect or twopoint probe measurements. In some cases ͑sample Nos. 3 and 4͒ variable-temperature Hall effect ͑80-600 K͒ experiments were carried out to obtain more detailed information such as the dopant ionization energy and degree of compensation in the films. The layer thickness, Mg doping levels, and roomtemperature carrier concentrations for the five samples are summarized in Table I .
The PL at 1.6 K was excited by the 351-nm line of an Ar ϩ laser at a power density of ϳ1 W/cm 2 . The emission between 1.25 and 3.5 eV was analyzed by a 0.22-m double-grating spectrometer and detected by either a Si photodiode or a UV-enhanced GaAs photomultiplier tube. The spectra were corrected for the system response by normalization to the throughput of a broadband calibration lamp.
The EPR experiments were done at 4.2 K in a Bruker 300 ESP X-band ͑9.5 GHz͒ spectrometer configured with a liquid-helium flow cryostat for temperature control. Angular rotation studies were performed in the ͑1120͒ plane to obtain symmetry information. A few milligrams of P-doped Si powder embedded in polyethylene was used as a standard to determine the spin density associated with the signals observed from the Mg-doped GaN layers.
The ODMR was performed at 1.6 K in a 24-GHz spectrometer with the samples placed in the tail section of an optical cryostat. The ODMR signal corresponds to the change in the intensity of the PL which was coherent with the on-off amplitude modulation ͑ϳ77 Hz to 3 kHz͒ of 50 mW of microwave power under a swept dc magnetic field. Two detection schemes were employed. First, emission bands were separately analyzed with either visible bandpass or near-infrared cutoff filters placed in front of the Si photodiode. Second, the ODMR was also obtained using the same spectrometer-GaAs detector combination described above in order to study the character of the magnetic resonance at several energy positions.
III. RESULTS

A. SIMS
In addition to the determination of the Mg dopant levels in these films ͑see Table I͒, SIMS depth profiles of Si, C, O, and H ͑common residual impurities in CVD-grown GaN͒ were also obtained 15 for a subset of samples after the postgrowth anneals. Si and O, in particular, can act as donors to compensate the electrically active Mg acceptors. In addition 
B. Electrical properties
Two-point probe measurements indicated that sample Nos. 1 and 2 were highly resistive while samples Nos. 3-5 ͑more heavily doped films͒ were found to be conductive. Detailed temperature-dependent Hall effect studies were performed on sample Nos. 3 and 4 in the usual van der Pauw cloverleaf geometry with indium contacts. As an example, the hole concentration plotted as a function of the inverse temperature for sample No. 4 is shown in Fig. 1 . As observed by other groups, 14 the increase in hole concentration for T Ͻ125 K is attributed to the onset of hopping or impurityband conduction. The concentrations of Mg acceptors (N A ), the ionization energy (E a ), and the compensating donors (N D ) were determined from a fit to the high-temperature data using the charge-balance equation for a single carrier ͑the Hall scattering factor r H was assumed to be 1͒. The best fit ͑solid line in Fig. 1͒ 
C. PL
The dominant PL bands observed at 1.6 K under an excitation power density ( P exc ) of ϳ1 W/cm 2 are shown in Fig.  2 . Recombination bands of different character are found ͑commonly referred to as the ''blue'' emission bands͒. With the exception of sample No. 5, similar PL results as a function of the total Mg concentration are generally observed for CVD-grown GaN ͑Refs. 5, 6, 8, and 16 -18͒. We note that the structure on the broad PL from sample Nos. 2-4 is due to Fabry-Perot interference fringes. Also, more detailed optical studies of some of these samples will be reported elsewhere. 19 Sample No. 1 exhibits strong recombination at 3.27 eV ͑zero-phonon line͒ and a series of LO-phonon replicas at lower energies. Excitation power studies reveal a monotonic shift of this peak to lower energy by ϳ15 meV with P exc reduced by a factor of 1000. Following previous work, 16 this emission is attributed to a recombination between shallow donors and shallow Mg acceptors (E a ϳ230 meV). Likely candidates for the shallow donors are Si and/or O with binding energies (E d ) of 30.2 and 33.2 meV, respectively. 20 The dominant emission observed from sample No. 2 is broad with peak energy at ϳ3.15 eV. This band is also characterized by its asymmetric line shape. Similar emission has been observed by Reshchikov et al. 5 Based on the evolution of this PL with increasing P exc from a broad, structureless band at ϳ3.2 eV to a sharper peak at 3.27 eV ͑ϩLO-phonon replicas͒, this group assigned the emission to recombination between shallow donors and shallow acceptors in the presence of large potential fluctuations. As also reported for other semiconductor systems such as highly compensated and doped GaAs ͑Ref. 21͒ and ZnSe ͑Refs. 22 and 23͒, these fluctuations arise from a random distribution of positively and negatively charged impurities. 24 However, no significant change was found in the character of the emission from sample No. 2 with P exc varied between 1 W/cm 2 and 1 kW/cm 2 ͑Ref. 25͒. The strongest emission observed from sample Nos. 3 and 4 is also broad with peak energy near 2.8 eV. The PL is also slightly asymmetric. Most notably, the bands shift to higher energy by 100-150 meV with increasing excitation power. Similar emission has been reported by many groups for GaN doped with Mgу2 -3ϫ10 19 cm Ϫ3 . Its origin has been the subject of much debate. In particular, several workers have proposed that the band arises from recombination between Mg-related deep donors with E d ϳ0.3-0.5 eV and shallow Mg acceptors. [5] [6] [7] [8] [9] [10] [11] [12] Instead of the broad ''blue'' emission band near 2.8 eV often observed from GaN at such high Mg doping levels, sample No. 5 exhibits PL at 3.28 eV and a series of LOphonon replicas. We note that the ZPL is at a slightly higherenergy position and is sharper ͑including the LO-phonon replicas͒ than observed for the emission from sample No. 1. However, in contrast to sample No. 1, no shift was found for P exc varied between 0.001 and 1 W/cm 2 . In addition to the ''blue'' emission bands, the samples exhibit weak recombination between 1.4 and 1.9 eV. Part of this broad emission arises from the underlying sapphire substrates that are preferentially excited by the ''blue'' PL bands. 26 A rough estimate of ϳ1.65 eV was found for the peak of the near-IR emission from the Mg-doped GaN layers after subtraction of the PL obtained from a piece of a-plane sapphire. Similar broad emission ͑referred to as the ''red'' PL band͒ has been reported recently for Mg-doped GaN grown by CVD, molecular beam epitaxy, and high-pressure-hightemperature synthesis, 27, 28 for CVD-grown GaN codoped with Mg and Si ͑Ref. 6͒, and for undoped ͑n-type͒ GaN grown by HVPE.
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D. EPR
Representative EPR spectra obtained in the dark for p-type conductive sample No. 4 are shown in Fig. 3 . A single, slightly anisotropic line is found with axial symmetry about the c axis. The extremal g values ͑g ʈ and g Ќ ͒ were determined from a fit to the expression g()ϭ(g ʈ 2 cos 2 ϩg Ќ 2 sin 2 )
, where is the angle between the c axis and magnetic field. For this sample, g ʈ ϭ2.097Ϯ0.004 and g Ќ ϭ1.994Ϯ0.004. A signal with similar resonance parameters ͑g ʈ ϭ2.0728Ϯ0.0015 and g Ќ ϭ1.9886Ϯ0.0015͒ has been reported by another group from EPR of Mg-doped ͑conductive͒ GaN ͑Ref. 29͒. Two aspects of the linewidth are noted. First, the line is much broader ͑ϳ12-15 mT͒ than those typically found for EPR of shallow donors ͑ϳ0.5-1 mT͒ in undoped ͑n-type͒ and Si-doped GaN ͑Refs. 29-31͒. Second, a minimum in the linewidth is found with B close to 30°from the c axis while the line is broadest with B perpendicular to the c axis. Finally, the density of spins associated with this signal is estimated to be ϳ4ϫ10 19 cm Ϫ3 ͑Ϯ50%͒ from a comparison with the EPR of a P-doped Si standard.
Strong EPR lines were also observed from p-type sample Nos. 3 and 5 with g tensors and linewidths slightly different than those found for sample No. 4 ͑see Table III͒ . As seen in sample No. 4, a similar narrowing of the linewidth by ϳ20%-30% was also found for these samples with Bϳ30°f rom the c axis. However, in contrast to the behavior observed for sample Nos. 3 and 4, the intensity of the EPR signal from sample No. 5 was found to diminish significantly for Ͼ45°such that it could no longer be detected above the background. This curious behavior has only been observed in the one sample and is somewhat reminiscent of the magnetic resonance found for m J ϭϮ3/2 shallow acceptor levels in other wurtzite ͑WZ͒ semiconductors where the intensity increases away from the c axis due to mixing with the m J ϭϮ1/2 states. 32 Here the trend is the opposite, but mixing of the m J ϭϮ3/2 and Ϯ1/2 states may still play a role. However, until we have further data we leave the resolution of this issue for a later date. Finally, EPR was not detected above the background from sample Nos. 1 and 2, which transport measurements indicated were highly resistive.
E. ODMR
''Blue'' PL bands
The ODMR spectra obtained on the 3.27-eV zero-phonon line from sample No. 1 through the 0.22-m spectrometer are shown in Fig. 4 . Two luminescence-increasing signals are found. The first line ͑labeled EM͒ is sharp ͓full width at half maximum (FWHM) ϳ5 mT] with g ʈ ϭ1.952Ϯ0.001 and g Ќ ϭ1.949Ϯ0.001. This feature is assigned to shallow, effective-mass ͑EM͒ donors based on previous magnetic resonance work. 33 The second signal ͑labeled Mg͒ is broad (FWHMϳ30 mT) with g ʈ ϭ2.113Ϯ0.004 and g Ќ ϭ1.970 Ϯ0.005. This g tensor is similar to those found from EPR of p-type conductive GaN sample Nos. 3-5 ͑see Table III͒ . In addition, similar to the trend observed for the EPR linewidths, this line narrows for Bϳ30°from the c axis.
The ODMR found via collection of the entire 3.27-3.28 eV SD-SA and broad 2.8 -3.2 eV PL bands ͑using bandpass filters͒ from the five samples with B ʈ c is shown in Fig. 5 .
The g values and linewidths are summarized in Table III . Except for the improvement in signal to noise, the spectrum obtained for sample No. 1 with this detection scheme is similar to that shown in Fig. 4 . The ODMR on the 2.8 -3.2 eV broad PL bands from the more heavily Mg-doped samples Nos. 2-4 also reveals two strong lines ͑i.e., ⌬PL/PLϳ1%͒.
Instead of the EM donor signal with gϳ1.95, broader resonances (FWHMϳ16 mT) with g ʈ ϳ1.960(2) and g Ќ ϳ1.9555(2) are found. The second feature is characterized by g ʈ ϳ2.1 and g Ќ ϳ2.0 with a FWHM of 26 -28 mT, similar to the ODMR parameters obtained for the broad signal ͑Mg͒ on the SD-SA recombination from sample No. 1. A similar line is found on the 3.28 eV PL from sample No. 5. As seen in the EPR of this film, this resonance could not be observed above the noise for Ͼ45°. We note that as observed for sample No. 1, the broad ODMR line from sample Nos. 2-5 narrowed by 30%-40% with ϳ30°. Finally, a weak feature with g ʈ ϭ1.951 and FWHM of ϳ7 mT is also found on the emission from sample No. 5.
Detailed ODMR studies performed with the ''blue'' emission bands analyzed through the spectrometer revealed a shift to lower magnetic fields ͑hence, higher g values͒ of the broad resonance signals ͑Mg͒ with increasing detection energy. This behavior is shown for sample Nos. 1-3 in Fig. 6 . For example, g ʈ shifts monotonically from 2.058 to 2.074 with detection at several energies across the broad 2.8 eV PL band from sample No. 3.
PLË1.9 eV
Representative ODMR obtained on emission less than 1.9 eV from sample Nos. 1-5 with B ʈ c are shown in Fig. 7 . We note that ODMR was not observed on the PLϽ1.9 eV from a piece of a-plane sapphire used in the growth of the NRL samples. Two luminescence-increasing signals are clearly observed for sample Nos. 1-4. The first is isotropic with g ϭ2.003Ϯ0.002 and a FWHM of ϳ15-20 mT. Although the g values are similar, this feature is 3-4 times broader than the ODMR signal ͑referred to as MM1͒ reported recently on emission less than 2 eV from a variety of Mg-doped GaN samples. 27, 28 The second line is described by very similar g tensors ͑g ʈ ϳ2.1, g Ќ ϳ2.0͒ and linewidths ͑ϳ23-25 mT͒ as those for the broad ODMR signals ͑Mg͒ found on the respective ''blue'' PL bands from these four samples ͑see Table III͒ . We note that this ODMR is different than that found on the ''red'' PL from HVPE-grown ͑undoped͒ GaN ͑Ref. 34͒. Finally, there is a suggestion for a weak luminescencedecreasing broad signal with g ʈ ϳ2.1 on the near-IR emission from sample No. 5, but no convincing evidence for a corresponding signal at gϭ2.
IV. DISCUSSION
A. Defect assignments
Shallow Mg acceptors
Due to the absence of resolved hyperfine structure in most of the magnetic resonance reported to date for as-grown and doped GaN, including that described in this work, the microscopic identification of the various defect centers has been problematic. The donor or acceptor nature of the defects is typically made on the basis of whether the g values exhibit negative ͑donorlike͒ or positive ͑acceptorlike͒ shifts with respect to the free-electron g value of 2.0023. For example, there is strong consensus that the gϭ1.95 line observed in many EPR and ODMR studies during the last 8 years is associated with shallow donors or conduction electrons. This assignment is supported from EPR of GaN intentionally doped with Si ͑Ref. 28͒ and from k•p calculations of the ⌫ 7 conduction band g value. 29, 35 We propose another strong case can now be made for the g values associated with SHALLOW Mg acceptors in GaN with g ʈ ϳ2.1 and g Ќ ϳ2.0. This follows from the similarity of the EPR spin densities with the concentration of electronically active Mg acceptors determined by temperaturedependent Hall effect and the total ͓Mg͔ as revealed by SIMS. This assignment is further established by the observation of a similar resonance from ODMR on the recombination at 3.27͑8͒ eV in sample Nos. 1 and 5. We note that the larger linewidths found for the Mg shallow acceptors in the ODMR experiments compared to those in the EPR arise mainly from the field-independent exchange interaction term ͑i.e., JS D •S A , where J is a measure of the coupling strength between the donor and acceptor͒ that is often required to fully describe ODMR on donor-acceptor pair recombination. A similar resonance, also attributed to shallow Mg acceptors, was recently detected on the magnetic circular dichroism ͑MCD͒ of acceptor-bound excitons in CVD-grown GaN epitaxial layers with ͓Mg͔ϳ9ϫ10 18 cm Ϫ3 ͑Ref. 36͒. In addition, magneto-PL studies have revealed a nearly isotropic g tensor for Mg acceptors involved in close pair SD-SA recombination in Mg-doped GaN homoepitaxial layers. 37 Although the g anisotropy for the shallow Mg acceptors ͑i.e., ⌬gϵg ʈ Ϫg Ќ ϳ0.1͒ is the largest reported to date for any acceptor in GaN, the degree of anisotropy is significantly smaller than expected ͑i.e., g ʈ ϳ2 -4, g Ќ ϳ0͒ from effective mass theory. 38, 39 An instructive parallel may be found in the properties of shallow acceptors in 4H-and 6H-SiC ͑Refs. 40 and 41͒ and CdS ͑Ref. 32͒, semiconductors with similar hexagonal symmetry, valence-band parameters, and shallow acceptor binding energies as found for GaN. For example, B, Al, and Ga have similar binding energies in 6H-SiC. However, B is Jahn-Teller distorted and has a nearly isotropic g tensor while Al and Ga are not distorted and have highly anisotropic g tensors. The nearly isotropic g tensor in the present case may reflect a symmetry-lowering local distortion of the Mg shallow acceptors. 38 This can arise, for example, from local fields associated with grain boundaries and/or that are generated from the size difference between the Mg atoms and the host Ga atoms they replace. 42 The narrowing of the Mg shallow acceptor resonance observed for Bϳ30°from the c axis in BOTH the EPR and ODMR experiments ͑see Figs. 3 and 4͒ possibly provides further evidence for such distortions. More work is needed to test this hypothesis, such as rotation studies in other crystallographic planes. We note that similar narrowing behavior was not observed for the magnetic resonance of shallow acceptors with highly anisotropic g tensors in 4H-and 6H-SiC and CdS.
Based on the similarity with the EPR results and the ODMR on the 3.27-3.28 eV SD-SA PL bands, including nearly identical g tensors and linewidth behavior with field orientation, the broad ODMR resonances observed on the 2.8 -3.2 eV PL bands and on the emission less than 1.9 eV are also assigned to shallow Mg acceptors. For the broad ''blue'' PL bands, it was suggested previously 4 that the shift in g values towards 2 and the decrease in anisotropy from 0.135 to 0.044 could be interpreted as a deepening of the binding energy for the Mg-related centers. However, in light of the small variation also observed in the Mg EPR g tensors (⌬gϭ0.073-0.113) and the energy-dependent ODMR g values ͑see Fig. 6͒ , we propose that other factors are likely responsible for this variation. The similarity of g ʈ values found for the acceptor resonances in the low-and high-Mgdoped sample Nos. 1 and 5, respectively, suggests that effects due to Mg concentration alone cannot account for the small changes in g values among these samples and that reported previously for Mg doping levels up to 5 ϫ10
19 cm Ϫ3 ͑Refs. 33, 36, 43, and 44͒. One possible source of additional distortions at the Mg sites ͑resulting in further reductions of the g anisotropy from that found on the 3.27-eV PL band͒ are electric fields associated with large potential fluctuations that have been proposed to play a role in recombination from highly doped and compensated GaN. More work is required to account more definitively for the small changes in the resonance parameters of these Mgrelated centers.
We note that recent EPR experiments 45 . This result combined with the low room-temperature hole concentrations (ϳ1 -5ϫ10 16 cm Ϫ3 ) found from Hall effect suggests an assignment of this line to Mg-related or -induced deep centers ͑probably acceptorlike based on the g values͒. Alternatively, it cannot be excluded that this feature is associated with severely perturbed shallow Mg acceptors and that the reduced p-type conduction reflects a high level of compensating donors ͑possibly Mg related͒ introduced under these doping conditions. We note that the transport properties of these films contrast with predictions of enhanced room-temperature hole densities via this codoping technique. 46 
Shallow and deep donors
As noted earlier, the gϭ1.95 line observed on the 3.27-3.28 eV SD-SA PL from sample Nos. 1 and 5 is regarded as a ''fingerprint'' for shallow donors and conduction electrons in GaN. Based on the small difference ͑ϳ0.01͒ with this g value, we propose that the resonance with gϳ1.96 observed on the broad 2.8 -3.2 eV PL bands from sample Nos. 2-4 is also likely associated with shallow donors. The small shift in g values toward gϭ2 and the broadening can be understood by an increase in the exchange interaction 3 due to the reduced average donor-acceptor pair separation in these more heavily doped samples. Similar g shifts and broadening behavior were recently demonstrated from microwave modulation frequency studies of the ODMR on the 3.2 eV PL band from sample No. 2 ͑Ref. 4͒.
Though we believe it is unlikely, in the absence of more detailed magnetic resonance information such as provided by resolved hyperfine interaction, the association of the g ϳ1.96 line with deep donors can not be excluded at this time. However, combined with the near-midgap PL energy and the observation of shallow Mg acceptors ͑see Fig. 7͒ , the strongest evidence from this work for the existence of deep donors is the isotropic gϭ2.003 resonance on the emission less than 1.9 eV. We note that these centers are described by a different g tensor than that for the deep defects ͓i.e., g ʈ ϭ1.989(1) and g Ќ ϭ1.992(1)͔ found on the 2.2-eV ''yellow'' luminescence band from GaN ͑Ref. 33͒.
B. Recombination models
2.8-3.2 eV ''blue'' PL bands
Much attention has been given lately to the origin of the broad 2.8 -3.2 eV emission bands from heavily Mg-doped GaN as observed for sample Nos. 2-4. As mentioned earlier, the 3.2-eV PL band as observed from sample No. 2 has been attributed to recombination between shallow donors and shallow acceptors in the presence of large potential fluctuations. 5 In contrast to that work for samples with similar Mg doping levels, the emission from sample No. 2 retains a structureless, broad character with increasing excitation power density ͑we note that similar PL behavior was observed by another group 22 for a particular highly N-doped and compensated ZnSe sample͒. Thus it is difficult to draw conclusions from the low-temperature ͑cw͒ PL study alone on the shallow and deep character of the donors and acceptors that participate in this recombination. However, based on the interpretations of the g tensors given above, the ODMR suggests a shallow character for both the donor and ͑Mg͒ acceptor centers involved in this emission. In addition, from a simple picture with shallow donor and acceptor Bohr radii of ϳ25 and 5 Å, respectively, the strong ODMR observed in this sample is surprising ͑for these microwave powers͒ based on the fast lifetimes ͑Ͻ100 ns͒ expected from an estimate of the average donor-acceptor pair separation of ϳ15 Å. Thus, though not evident from the PL power study, the strength of the ODMR signals can be understood from the presence of potential fluctuations that lead to additional separation of the shallow donors and acceptors under the low photoexcitation conditions employed in this work.
Two models are considered to account for the broad 2.8-eV PL bands ͑see Fig. 8͒ observed from more highly Mg-doped sample Nos. 3 and 4 based on these magnetic resonance studies. Two key aspects are noted. First, in both schemes, one of the recombination partners is attributed to shallow Mg acceptors. Second, as argued in Sec. IV A 2, the gϭ1.96 ODMR feature ͑SIMILAR to that observed on the broad 3.2 eV band͒ is ascribed to shallow rather than deep donors. As used to describe the 3.2 eV PL, the 2.8 eV PL in the first model ͓Fig. 8͑a͔͒ is attributed to radiative recombination between these shallow donors and shallow Mg acceptors in the presence of large potential fluctuations. In this scheme, the additional redshift of this band relative to the broad 3.2 eV PL is explained by an increase in magnitude of the potential fluctuations. This can arise from a higher degree of donor compensation ͑hence higher donor concentrations͒ with increasing Mg doping as observed by others.
14 Both charged shallow and deep donors can contribute to these fluctuations. Most notably, the sum of the residual Si and O shallow donor concentrations for sample Nos. 3 and 4 ͑see Table II͒ cannot account for all of the compensating donors (ϳ2ϫ10 18 cm Ϫ3 ) as revealed by the temperature-dependent Hall effect measurements. Hence this suggests the presence of other donors ͑possibly induced by Mg doping͒ of shallow and/or deep character. As discussed above, we suggest that ODMR on the 2.8-eV PL bands only reveals evidence for shallow donors while the existence of deep donors in these samples is indeed found from ODMR on the broad emission less than 1.9 eV.
Several groups have argued [5] [6] [7] [8] [9] [10] [11] [12] that the 2.8-eV PL band arises from recombination between deep donors ͑possibly Mg related͒ and shallow Mg acceptors. This has been proposed, for example, from the behavior of the emission under large hydrostatic pressures 11 and similarly suggested from a self-compensation model employed to describe the dependence of the hole concentration as a function of the Mg doping level. 12 In order to be consistent with this model, a more complicated ODMR mechanism must be invoked such as shown, for example, in Fig. 8͑b͒ . Similar to the model proposed for the 2.2-eV ''yellow'' luminescence band several years ago, 33 the ODMR occurs via spin-dependent capture of an electron from the EM donor state (E d ϳ30 meV) to these deep donors. This is followed by radiative recombination between the deep donors and shallow Mg acceptors (E a ϳ200 meV). It is puzzling, however, that such deep donors could not be directly observed from the ODMR in this work and that reported by others 36 time-resolved PL measurements have revealed nonexponential time decays with nominal lifetimes of ϳ1 s for the 2.8-eV ''blue'' PL band in similar Mg-doped GaN layers. 47, 48 Such behavior can support either of the models given in Fig.  8 . Other recombination mechanisms cannot be excluded at this time.
PLË1.9 eV
The ODMR on the emission less than 1.9 eV from sample Nos. 1-4 strongly suggests that the transition involves deep donors ͑possibly Mg related or induced͒ and shallow Mg acceptors. This assignment differs from the deep donor to deep acceptor model proposed by another group 6 to account for similar emission in GaN doped with Si and Mg. We note that the absence of the deep donors with gϭ2.003 ͑see Fig.  7͒ and the observation of SD-SA recombination at 3.28 eV rather than the broad 2.8-eV PL band for HIGHLY Mg-doped ͑p-type͒ sample No. 5 suggest the important roles these centers may play in both the optical and transport properties of Mg-doped GaN.
V. SUMMARY
EPR and ODMR experiments have been performed on several GaN epitaxial layers doped with Mg from 2.5 ϫ10 18 to 5.0ϫ10 19 cm Ϫ3 to address factors such as selfcompensation, complexing, etc., that are suggested to partially limit typical room-temperature hole densities in the range of 1 -5ϫ10 17 cm Ϫ3 . In addition, an attempt was made to correlate the results with those from SIMS, temperaturedependent Hall effect, and low-temperature PL in order to form a self-consistent picture and, thus, improve the current understanding of this interesting and technologically important doping problem.
A single EPR feature with g ʈ ϳ2.1 and g Ќ ϳ2 was found for three samples with room-temperature hole densities between 9ϫ10 16 and 2ϫ10 17 cm Ϫ3 . This line is assigned to shallow Mg acceptors from a comparison of the spin densities with the number of electrically active Mg centers determined from analyses of the Hall effect and the total Mg given by SIMS. ODMR on the shallow-donor-shallowacceptor PL at 3.27 eV and on the broad 2.8 -3.2 eV emission bands revealed two resonance features attributed to shallow donors with gϳ1.95-1.96 and to shallow Mg acceptors based on the similarity of the g tensors with those found by EPR. Though puzzling in light of recent reports, no clear evidence was found for deep donors from ODMR on the 2.8-eV ''blue'' emission band. However, in addition to shallow Mg acceptors, evidence for deep donors with isotropic g values of 2.003 was found on broad emission less than 1.9 eV from several of the samples. More work is needed to make a definitive chemical identification of these deep donors such as might be provided by optically detected electron-nuclear double-resonance ͑ODENDOR͒ experiments.
